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SUMMARY

The ion source was improved to gain the longer service life necessary for
obtaining experimental data at a high confidence level. Improvements consisted

of finding a better alloy for the heater wires of the ion source grid (8% tung-
sten in platinum alloy, Sigmund Cohn Corporation) and refining the method of
mounting and tensioning these wires. These improvements increased service life

from the original two to four hours to approximately twelve hours at 1000 C.
During the course of the experimental work, continual changes were made in the
apparatus to reduce errors. Gas chromatography was used to supplement the

flame ionization detector in monitoring influent and effluent gases, particu-
larly for carbon dioxide and the introduced contaminants.

Three contaminants--acetone, methanol, and propane--were studied over the

concentration range of 1 to 24 ppm (v/v). The first significant experiments
with acetone in air showed that acetone was being completely oxidized to carbon

dioxide and that this effect completely overshadowed any possible cluster pre-

cipitation effect. To suppress oxidation, all further work was don( in a nitro-

gen carrier with precautions to suppress diffusion of atmosphere oxygen through

the seals of the purification cell. However, even at the resultant trace oxygen

concentration, oxidation overshadowed any effects due to lithium ion current.

This was also true of the other two contaminants, methanol and propane. Further
work on this approach should be done using an ion source especially desiened to

avoid the presence of hot surfaces within the purification cell.

Since clustering is a well-established classical phenomenon, first observed

by its interference with older (before about 1930) determinations of ionic mobil-
ity, and since the energies of cluster formatioi nave been shown tc be in the
tens of kilocalories range (Doyle and Caldwell, 1966), there is little doubt that j
clustering can be used to remove trace polar impurities from gases, at least on
a laboratory scale. However, this work has Ghown that this cannot be experimen-
tally demonstrated using thermionic sources in contact with a test atmosphere

containing oxygen down to trace concentrations. The source used in this work

was designed with extreme precautions to minimize such thermal effects as oxidation.
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SECTION I

INTRODUCTION

A lightweight air purification unit of low energy consumption and long

survice life is needed for long duration space missions. New techniques for

atmosphere purification would relieve the design engineer from constraints

imposed by the present state of the art. One possible technique is extension

of electrostatic precipitation to particles of molecular size. The study

described herein is part of a feasibility study undertaken as a preliminary

step to a possible development program, and is a continuation of the research

reported in AMRL-TR-68-ll1 (Doyle, 1968).

The first phase of this inquiry was a theoretical study to explore means
for implementing the concept (Doyle and Caldwell, 1966). In that study, the

consequences of injecting ions into a contaminated atmosphere and collecting

the resultant charged species were considered on the basis of present knowledge.

It was concluded that exploration of clustering on injected ions offered the
most promise, at least for an initial feasibility study.

Further consideration led to the selection of a small positive ion for

injection, such as H or Li+, because binding of polar contaminants into a
cluster would be stronger, due to the high field provided. Li+ was chosen

because its low electron affinity reduced the probability of chemical reac-
tion, such as charge transfer, which would complicate interpretation of experi-

mental results. Because well-established techniques were available for ther-

mionically generating Li+, this course was selected for development of the

ion source.

The theoretical study (Doyle and Caldwell, 1966) showed that small polar
molecules would be most strongly bonded to the clustering ion. Therefore,
molecules such as water, carbon dioxide, ketones, alcohols, and so forth would

be the most susceptible to removal by clustering. Water and carbon dioxide

are interfering substances in this context. A matrix of dry gas (air or, less
preferably, nitrogen) free from carbon dioxide was selected to minimize inter-
ference by water or carbon dioxide. Compounds selected for study were straight

chain ketones, alcohols, and hydrocarbons. The most favorable member of each
of these three homologous series was chosen for initial study--acetone, methyl

alcohol, and propane in that order. Other members of the series were to be

investigated only if encouraging results were obtained with the representative

compounds.

1
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I
The design of the purification cell was given in detail in a previous

report (Doyle, 1968) along with initial work with the ion source and removal
of acetone. Emitter area per unit cross-sectional area of the cell was as
small as practicable to reduce heating power dissipated in the cell. Elec-
trode spacing was as small as possible consistent with the necessity for
barriers to back diffusion from the collecting electrodes. Small spacing Is
desirable because it reduces the required collecting field; this, in turn,
minimizes the extent to which the effective temperature of the clusters is
increased above the temperature of the ambient gas.

These criteria resulted in a large flat cell of 1000 cm 2 cross-sectional
area, 100 cm2 of which consisted of collecting electrode separated from the
source electrodes by a few centimeters. The collecting electrodes are at the
bottom of ten slots that define the diffusion barriers. A cross-section of a
segment of this cell is shown in Figure 1. The source electrodes are in the
form of ten lengths of spring-tensioned , 76-pm-diameter (40-gauge) wires coated
with powdered (less than 20-.m diameter) f-eucryptite, and capable of carrying
sufficient current to heat them to 1000 C.

During the preliminary work with acetone (Doyle, 1968) the source grid was
fabricatod from a nickel-chromium alloy (Tophet A). This alloy proved to be
unsuitable because the wires were subject to pitting corrosion and severe high
temperature creep; a short service life was the result.

In spite of difficulties with this short-lived source, some work was per-
formed with acetone that indicated a removal efficiency of around 20% (Doyle,
1968). However, these results were obtained under constraints imposed by the
short life of the ion source and it was impossible to confirm this indication
with any degree of confidence. Particularly lacking were data on background
level of Impk~rities in the cell and blank runs (no acetone or no ion current).
The work reported here is intended to confirm the preliminary results with
acetone under more auspicious experimental conditions and to obtain results with
other contaminants from the three series of homologous compounds chosen.

2



Figure I
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SECTION II

EXPERIMENTAL

Since the last report (Doyle, 1968) there have been changes in the flow
control system, electrical connections, and in apparatus auxiliary to the
purification cell. These changes resulted in the arrangement used in the
experiments discussed here. Some additional refinements were added during
the final series of experiments with acetone, primarily to exclude oxygen
from the cell.

The cross-section through one of the ten electrode assemblies of t.e cell
(shown in Figure 1) Is perpendicular to the filaments. The function of the
steel base, the filament, guide, Galleries 1 and 2, and their respective gas-
feed slots for "mix" and "eluent" gases, and the collector have been discussed
(Doyle, 1968).

The auxiliary equipment required to perform experiments with the cell
previously described (Doyle, 1968) has since been augmented and improved to
achieve better control over cell inputs and to obtain more information about

cell influent and effluent gas composition. Concentration of organic consti-

tuents in the effluent gas sweeping the ion collection surfaces (the "rich-
out" gas) was always monitored by use of a flame-ionization detector. However,

this necessary monitoring system was not sufficient to provide differentiation
between model contaminants and organic constituents accidentally present in
the gas stream. Furthermore, this type of detector does not respond to carbon
dioxide. Hence, gas chromatography was employed as an adjunct to the flame

analysis. This equipment and a typical procedure are described briefly below.

IMPROVEMENT OF THE ION SOURCE

Improvement consisted of choosing a better support material for the
-eucryptite and refining the method of mounting the support wires in the ion

source grid. This led to a longer lived source and allowed more uniform and
controllable heating of the ion source wires.

Several platinum alloys (Sigmund Cohn Corporation) In the form of 76-gm-
diameter wires were subjected to life tests in a mock-up of the cell. All were
superior to the nickel-chromium alloy first used. An alloy of platinum with 8%

tungsten was superior to the other platinum alloys, primarily because of its
mechanical strength at the elevated temperaturm. This alloy was used in the
experiments described here.

4



The improved suspension system is a modification of the previous system

(Doyle, 1968). It consists of 29.3-cm (±1%) lengths of filament wire supported

at one end with a Teflon-insulated, stand-off terminal and, at the other end,
by a colinear coiled spring that is also supported by a stand-off terminal. To
avoid destroying the elasticity of the springs (by Joule heating), the current

to each grid wire is by-passed around its tensioning spring by means of an
anneeled 0.006-inch-diameter gold wire loop. The springs were fabricated by

winding 40 ±1 turns of No. 34 Tophet A wire on a 5.6-mm (-Z-inch) diameter
mandrel. The length of the closed springs is 0.7 cm; the spring constont is

1.4 cm/gram at loads between 0.5 and 1.5 grams. The cold filament wi-es were

pretensioned to 1.5 grams, about twice the tension required to prevent sagging.

On heating to operating temperature, the filament extended reversibly by 0.4 cm,
upon which was superimposed a long term, high temperature creep. The reversible

extension caused a reduction in tension from 1.5 to 1.2 grams, allowing a margin
of 1.1 cm to accommodate the creep. As long as temperatures were maintained at

less than 1100 C, long filament life was assured; for example, at 900 C the life
was found to be in excess of 12 hours. If temperatures of 1100 C were contin-
uously employed, accelerated creep limited filament life to 2 hours. In none
of the runs employing this new spring arrangement was filament failure encountered,

even though some runs consumed as much as 16 hours of operating time at tempera-

tures between 900 and 1000 C.

GAS-FEED SYSTEM

As shown in Figure 2, the gas flow system allows the desired gas or gas

mixture to be fed to the cell at the appropriate inlet port and at a known and,

where necessary, monitored rate. The air tank - regulator system supplied clean,
dry air (zero-gas) to the air-hydrogen flame of the ionization detector, to the
eluent feed slot of Gallery 2, and to the mixing system used to dilute the sample
gas to the required concentration. The sample gas--for example, acetone in

Figure 2--was purchased with a certified concentration 'nd analysis, so that

only dilution with dry air was required prior to introduction into the cell.
The hydrogen for the flame ionization detector also was purchased with certified

purity, especially with regard to hydrocarbon impurities, which were below 2 ppm
(parts per million).

A valving arrangement allowed gas from-any of the gas lines to be fed into
the flame-ionization detector for analysis (Figure 2). The positive internal

pressure of the cell (less than 4 torr, gauge) must be held constant irrespec-
tive of which gas stream was being monitored by the FID (flame ionization detec-

tor) in order that the gas flows do not vary with sampling mode. To facilitate

5I



Figure 21
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pressure constancy, a valve-switching arrangement, also shown in Figure 2,

allows the rich-out gas to flow continuously at constant pressure drop. There

are two valves in the dump line--one a shut-off valve, the other a throttling

valve adjusted so that the rich-out flow remains constant when flowing either

to the FID (shut-off closed) or to the dump exhaust (shut-off opened). Not

shown in Figure 2 are septum-type gas-sampling ports in each line. These ports

allowed extraction of samples for gas chromatographic analyses.

ELECTRICAL SYSTEM

Electrical auxiliaries are shown in Figure 3. Four adjustable regulated

L power supplies were used. These power supplies included two high-current power

supplies of the automatic cross-over type in series, to heat the ion source,

biased to the potential found necessary to facilitate drawing ion current from

the source (this bias is limited by the insulation of the power supplies to

I ±500 volts). As shown in Figure 3, the base plate, accessible to the operator,
was established at chassis ground and at water-pipe ground and became the refer-

ence point for all potentials. For purposes of safety, the collector was coit-

nected to a powe4' supply through a 6 x 106 ohm current-limiting resistor. Inas-

much as the maximum current was 10- amp, this resistor caused a voltage loss of
no more than 60 volts. The power supply covered the range from zero to minus

3 kv.

The guide and ion source were polarized by a second circuit, also shown in

Figure 3. Again, current-limiting series resistors were employed as shown. The

filaments were at a positive potential with respect to the base plaLc to get

useful ion current. The two 1500-ohm resistors across the heater supplies allowed

application of this potential to the electrical center of the filament wires.

The polarities of the polarizing potentials shown were the initial ones.

Investigation preliminary to experimental work showed that a greater ion current

could be drawn from the filaments with the guide electrode floating, presumably
at some positive potential established by its capturing a small percentage of the

ion current.

TYPICAL PROCEDURE

In a typical run the objective was to establish a steady statt of known

characteristics from which deviations due to ion-clustering with consequent

enrichment of contaminants could be discerned. Although the means of achieving

this objective varied somewhat in different runs, the procedure was essentially

as follows:

7
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Figure 3

WIRING DIAGRAM FOR POWER SUPPLIES, AIR PURIFICATION CELL
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Cell preparation.

1. After a run, the cell was disassembled and the old filaments
removed.

2. New filaments were installed and coated with f-eucryptite inJr a collodion - ethyl acetate suspension.

3. Filaments were heated to evaporate solvents and to thermally
decompose and oxidize organic binder. At a manually controlled
constant rate of increase, the temperature attained was 600 C,
with five minutes being required for the entire baking process.

4. The cell was then reassembled and all external connections made.
In addition to the connections shown in Figures 2 and 3, connec-
tions for circulating cooling water through the backing plate
channels and cooling air under the collection electrode support

also were made.

Cell operation. The asembled cell requires approximately two days of
flushing with clean gases to remove traces of adsorbed impurities collected
by exposure of the disassembled cell to the laboratory atmosphere. To remove
these impurities, and thus establish a stable initial coz:dition, a standard
sequence was followed:

1. The FID was started and ioaization current, as measured with an
electrometer, was monitored with a strip-chart potentiometric
recorder. This record, taken continuously throughout the run,
and annotatod during the run formed the principal record of the
run's history. As previously described, the switching system
allowed all cell gases to be monitored. The exhaust gas from
the collector channel (rich-out) was the stream usually monitored,
with other gas streams being monitored intermittently if desired.

2. The cell was purged with clean air (air not yet admixed with the
model contaminant) and purging was continued until both effluent
streams from the cell (lean-out and rich-out) were as clean as
the incoming air, as evidenced by the FID. Depending on the
initial cleanliness of the cell, the time required for cleanlag

varied from 4 hours to as much as 4 days in one instance. In
many runs, the filaments were heated to less than 600 C and neither
the cooling water nor cooling air was turned on, thus causing the
cell temperature to rise and to accelerate the cleaning process.

I-



3. After obtaining a clean cell, the gas mixture was introduced to

the cell and concentration of the contaminant was monitored. When

the gas streams from the collectors and the guides (rich and lean)

were equal in concentration to the incoming mixture, the run was

ready to start. The time required for the concentrations to become

equal was not less than 4 hours. Time to this steady state depends

on flow rate into the cell (flow rates of inlet gas of 120 ml/mIn

were usual but, in some cases, flow rates of 20 and 300 ml/min were

used). It also depends on the ratio of flow rates of gases between

the lean and rich mixtures. Occasionally, all of the effluent

gases were diverted through the collector channel or the guide to

hasten the attainment of equilibrium in the one at the expense of

the others this expedient was usually used to flush the collector

channels. Flushing of these channels was slow, probably because

there was only one exit port per channel, and that was at the end.

4. After attaining essentially equal contaminant concentrations in

influent and effluent gases, the filaments were heated to a temp-

erature which gave sufficient emission of Li+ ions. This was

determined by applying the polarizing potentials and measuring

the ion current with an electrometer. Filament current and vol-

tage were increased slowly* until the ion current reached 5 uamp

and then were maintained at the determined level; the potentials

to the collector and guide were turned off.

5. While the filaments were hot but no ion current was being col-

lected, the effects of the heated filaments could be observed--

in effect, an oxidation blank. This blank was continued until

trends in concentration were evident. The potentials to the

guide and collectors then were applied continuously so as to

maintain a Li+ ion current between 2 and 10 amp.t Small

increases in filament current were made, if necessary to main-

tain this current level.t

* Usually over a period of five to ten minutes to minimize pressure changes

due to gas heating; ion current was monitored for a few minutes near the

end of this period.

t The usual polarizing voltage was 2800 volts on the collection electrodes.

Initially the guide was set at +1500 volts, but subsequently it was left

floating with no applied potential, for this was found to yield the highest

current.
Because the power supplies for the collector and guide were already at or

near the maximum ava.lable from the supply, it often became necessary to

increase the filament temperature to maintain Li+ currents.

10



6. The effects of the ion current were monitored until analysis

data for all gas streams had been aceumulated; tho polarizing

potentials were then turned off. Monitoring of the k'tD current
was continued for a relatively short period before teiminating

the experiment. On termination, filament temperature was

decreased slowly to avoid negative pressures in the cell. After

the cell had cooled, all flows were shut off and the cell was

dismantled in preparation for the next run.

SPECIAL EQUIPMENT: GAS CHROMATOGRAPHS

In the course of the experimental program, it became evident that addi-

tional information was needed on the composition of the effluent gases. Speci-

fically, the concentration of carbon dioxide became extremely important to the
interpretation of results.

Determination of carbon dioxide with the required high sensitivity was

accomplished. The carbon dioxide was separated chromatographically from the

other constituents of the gas sample and converted on a nickel catalyst to

methane, according to the Sabatier reaction

CO2 + 4H 2,--CH 4 + 2H20

Ni

The methane generated in this reaction was detected with high sensitivity by

the FID of the chromatograph. Because conversion of carbon dioxide to methane

remained essentially complete over extended periods, occasional calibration of

the apparatus with known concentrations of carbon dioxide proved sufficient.

Because of the nonspecific response of the monitoring FID, organic impuri-

ties were sensed along with the intentionally added trace impurity; thus, the

FID could be regarded only as a total organics detector. To provide more speci-

fic information on the fate of the contaminants, two gas chromatographs equipped
with FIDs were used in the later runs to monitor model and accidental contami-

nants in cell influents and effluents. These supplemental analyses permitted a

more detailed interpretation of results than was possible in previous experimental
work (Doyle, 1968).

11



SECTION III

RESULTS

I

Within the three homologous -eries that were to be studied, acetone,

methanol, and propane are the molecules judged to be most susceptible to

clustering. Because acetone in the most likely to cluster (Doyle and Cald-

well, 1966; Doyle, 1968), the greatest effort was expended on it to confirm

earlier indications and to refine techniques.

ACETONE

To meet the objective for a run, as specified in Section II, a number of

preliminary "debugging" experiments were run. In these, the effects of fila-

ment temperature, mixing systems, plumbing, and other apparatus and procedural
aspects were examined, and deficiencies corrected as necessary. This included

repair of the ceramic mounting plate for the collector electrodes which had

cracked due to thermal stress during early studies. The plate was repaired by

casting a silicone rubber (Dow Corning, Sylgard 156 Resin)* over the external
surface of the plate. Danger of additional cracking was reduced by redesigning

the base of the cell so that cooling air from a blower was circulated behind

the ceramic base at a rate of approximately 3 cubic meters per minute (100 cfm).

On attempting to reach a cold steady state with trace concentrations of

acetone, it was discovered that the relatively high surface area of the porous

stainless steel stripst located in the collector channels caused difficulties

due to their high surface area, which acted as a sink for the low concentration

acetone. For example, at 1 ppm acetone, more than four days were required to

"ring the gas from the collector to 90% of the concentration of the entering

mixture. This long time constant was reduced to four hours by removing the

porous stainless steel and replacing It with strips of 3.2-mm (1-inch) thick

porous Teflon (9 pm pore size) pressed into the channels and over]aid with

39.4-cm 1 strands (100 mesh), 114-pm (4.5-mil) diameter, sLainless steel

screen spot-welded to the channel edges.

Other preparative steps included life tests of the new filament arrange-

Dent and refinements of the plumbing to reduce dead volume and the likelihood

of leakage. The apparatus was then considered ready for acquiring significant

data.

* This resin is an electronic grade elastomer intended for application where

minimum impurities and out-gassing are of great importance.

t These strips are 1.6 mm (?L--inch) thick and extend the length of the collec-

tor channel; their purpose is to ensure uniform flow of gases through equal

lengths of the collector.

12



In the first of the confirmatory series of experiments with acetone as the
contaminant, acetone concentration was 10 pdm (v/v) in dry air; results for this
Run (No. 103) are shown in Figure 4. This figure shows curves for the FID
current of the cell's effluent gases and the GC analyses for carbon dioxide.
Also shown are experimentally significant events, such as filament heating
periods and the periods during which the polarizing voltages were applied.

Before heating the ion source -ilaments, the FID current showed that the

effluent from the collection electrodes, the rich stream, was two-thirds the
level of the Influent mixture. After heating the ion source, this effluent

level decreased with time to essentially zero concentration of acetone--that
is, the same level obtained by sampling through the FID the incoming uncon-
taminated (pure) air stream. This behavior was consistent with results obtained
during previous experiments with acetone at concentrations between 1 and 10 ppm.

iGas chromatographic analysis showed that on heating the ion source fila-
ments carbon dioxide increased from 2 to 3 ppm in the cold cell to as high as
46 ppm in the lean stream and 60 ppm in the rich stream. Since complete oxida-
tion of 10 ppm acetone would yield 30 ppm carbon dioxide, more than enough

carbon dioxide was generated to account for oxidation of the influent acetone.

Also shown in Figure 4 are the periods during which polarizing potentials
were applied. At that time, the resulting ion currents caused no clearly dis-

cernible changes in carbon dioxide or FID levels.

These results were in complete agreement with the three preceding runs
during which carbon dioxide was monitored after it had become apparent that
acetone in the cell exhaust streams became depleted. Thus, enrichment (if
present) was masked by rapid changes in acetone level caused by oxidation of
acetone within the cell as soon as the ion source filaments were heated.

To avoid the oxidation problem, practical sources of lithium or other
small positive ions might be nonthermionic, or if thermionic, physically
removed from the atmosphere to be purified. To explore the feasibility of
this approach, it was decided to carry out a series of clustering experiments
under conditions where interference from contaminant oxidation would be avoided;

hence, all subsequent experiments were done in the nominal absence of oxygen.

Enrichment, that is, an increase in FID current correlatable with ion cur-
rent, did not occur (see Figure 4). However. in all figures for runs,
including Figures 4 and 5, there is a correlatable decrease in FID current.
This phenomenon is discussed in connection with later runs.

13
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A preliminary experiment was carried out with 22 ppm acetone In nitrogen.

After flushing the cell with this mixture for 3 hours, the ion source filaments

were heated. Again, the acetone level dropped to zero and an equivalent amount

of carbon dioxide was observed in the exhaust streams. This result led to an

effort to reduce oxygen in the system to even lower levels. A new run was set

up and it was decided to establish as firm a basis for comparison of data as

possible, that is, the cell would be flushed so thoroughly that acetone concen-
trations in all streams would be equivalent and all probabilities of oxygen

contamination would be eliminated.

To achieve these objectives, six days were required for the levels of ace-

tone in rich and lean streams to equal the level of incoming acetone. During

this time. all connections were carefully checked, and if there was any doubt
that a connection was not excluding outside air, it was replaced or improved.

At the end of the fourth day, the acetone in the rich stream was 80% of that
of the incoming mixture. This relatively long time was due to adsorption on

the surfaces of the room-temperature cell; the cell was unheated during this
period of this run. On the sixth day, the acetone levels in the rich and lean

streams were equal to that of the incoming mix.

During this same period, gas chromatographic analyses were employed to
locate sources of oxygen) and the results indicated that the acetone tank.
contained detectable traces of oxygen. However, with the techniques and

detectors (thermal conductivity) available for oxygen analysis, the minimum
detectable concentration was 500 ppm. Since it was considered necessary to

reduce oxygen levels below 10 ppm, further oxygen analyses were abandoned and1
the formation of carbon dioxide, which could be detected at 1 PP. was chosen

as the most efficient means of monitoring oxygen present in the cell.

The levels of acetone and carbon dioxide again were monitored during the
seventh day. Even though the lean and rich streams were equivalent to the

mix at the beginning of the day, there was a '% difference at the sixth hour.
These trends ,-ere repeatedly observed and were attributed to changes in adsorp-
Ltion associated with changes in laboratory temperature.

At the beginning of the eighth day, another study of the effects of the
ion current was made. The effects are shown in Figure 5. In this run, higher

levels of ion current were maintained (by raising the filament temperature)

for longer periods than in the previous run. Again, the acetone level decreased
to zero, and no correlation with ion current was observed at that time. Thus,

* A new tank of nitrogen-diluted acetone was ordered with a specification

for low oxygen content at this time.
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although there were four periods of ion current, neither increase in FID

current nor corresponding changes in carbon dioxide levels in the rich or

lean streams was observed.

Prior to the run for which data are given in Figure 5, a gasket was

placed around the cell to inhibit possible inward air diffusion. This gasket

covered the edge of the cell and supplemented the O-ring seals. The annular

space between Lhe gasket and the cell was continuously flushed with helium

at a rate of 100 ml/min.

In spite of the long purging of the cell to flush out traces of air, and

in spite of the helium blanket, the acetone continued to be oxidized to carbon

dioxide (Figure 5). These results indicated the oxygen detected in the dilute

acetone to be the most suspect source of oxygen for this oxidation. The run

was terminated, and preparations made for another run with the new tanI of

diluted acetone certified to contain little or no oxygen.

In the succeeding run, every effort was made to exclude oxygen. The

new tank of certified analysis gas contained 20 ppm acetone in nitrogen with

less than 4.5 ppn oxygen. This gas was used directly, without dilution; all

gas lines previously used for dilution with air were either removed from the

gas train or were flushed with oxygen-free nitrogen, which was prepared by
paising nitrogen over freshly prepared hot copper.

The results of the oxygen-free experiments with acetone are presented in

Figure 6 .t The curve representing the behavior with time of the FID current

shows that steady state was reached prior to the time the filaments were

heated. In the period of time preceding that displayed in Figure 6, the FID
response to pure nitrogen and to the influent acetone had been monitored. Using

these data, it was found that the effluent from the collectors was 3 ppm richer
in organic composition than the influent acetone. An additional impurity was

present in the effluent other than acetone, but this impurity was not identi-

fied, although attempts were made to identify it (or them) using chromatography.

* According to the model of ion clustering, it was necessary to remove or

exclude water from the system. However, this could not be done in these

experiments without introducing further complications; also, the hypothesis

being tested was independent of the presence of water. Thus, if methylene
groups were oxidized by some source of oxygen, water would have been formed

in any event. Further, water would not react with these groups to form car-

bon dioxide, which was the product gas being sensed and studied. Thus, water

was not exclur-ed from these experiments in which attempts were made to exclude

oxygen.

t Run 104.
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After turning on the filaments, the level of organics in the rich stream

decreased to about 3 ppm. The first hump in the FID curve (Figure 6) is due

to pressure effects occurring when the filaments were heated. The cause of

the second hump is not known, but presumably was caused by a further outgassing

of impurities; this hump was not due to an increase in acetone as evidenced by

GC rest Its for acetone (shown in the curve for those results).

The results of the GC analysis of acetone are also shown in Figure 6. Here,
a monotonic decrease in concentration was observed after turning on the filaments.

These results were obtained by analyzing the rich, and sometimes the lean, stream.
No significant differences were observed between the two streams at any time. By
comparing the two curves, the FID data and the GC data, it is clear that the
acetone level decreased essentially to zero after turning on the filaments.

The results of carbon dioxide analyses for this experiment also are pre-

sented in Figure 6. Prior to turning on the filaments, the carbon dioxide con-

centration was less than 2 ppm in the effluent gases. Immediately after turning

on the filaments, however, the carbon dioxide concentration rose to nearly 100
ppm then decreased to about 60 ppm. The steady state level of 20 ppm acetori

would have given rise to a steady state concentration of 60 ppm carbon dioxide

if all the acetone were converted to carbon dioxide. Except for traces of low

molecular weight compounds, not accounting for more than 2% of the acetone, no

other organics were found by GC analysis. It must be emphasized, however, that

the GC columns would not have found high molecular weight compounds; the approxi-

mate 3 ppm of organics indicated by the FID were not eluted from the GC columns

used to analyze for carbon dioxide and acetone.

After turning off the heater current, the concentration of acetone, as

monitored by either FID or GC, began to rise abruptly from the low levels

reached while the filaments were heated.

In discussing these results, no mention has been made of the presence or

absence of i.n current. The periods during which the potentials were applied

to the collector are shown in Figure 6, but no consistent correlation between

the ion current and behavior of acetone concentration was found. Evidently,

acetone was completely oxidized to carbon dioxide as a result of heating the

filaments. This was true even though rigorous efforts were made in one run

(No. 104) to exclude oxygen. In this run, the gasket previously attached to
the cell was replaced with a Sylgard silicone rubber gasket designed to be

more effective in stopping oxygen from entering the cell, but oxidation still

occurred.

19
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METHANOL

Using the techniques described for acetone, studies were made of the
behavior of methanol. The methanol used to prepare the influent mix was

certified as 82 ppm in nitrogen containing less than 5 ppm oxygen. This was

diluted with oxygen-free nitrogen to give a methanol level of 18 ppm in the
mixture fed to the cell. The silicone rubber gasket. again was used with a

100 ml/min flow of helium passing between the rubber and the cell between

diagonally opposed corners. Experimental results are presented in Figure 7.

The concentration of methanol in neither the rich nor the lean streams

attained the level of methanol in the incoming gas, oven though flushing with

methanol had continued for 27 hours prior to heating he filaments (see FID

data, Figure 7). This behavior was quite typical; ev, longer times had been

observed with acetone. Also typical of normal behavi was the lower level

of the rich stream as compared with the lean. A possiLie explanation is that
the relatively higher surface area of the rich stream pa.! resulted in a longer

time constant for attainment of steady state concentrations of contaminants in

this stream.

As for runs with acetone, FID data show that heating the filaments caused

a pressure pulse. The second hump of the FID curve presumab)y is due to out-

gassing of impurities other than methanol. This hump is followed by a monotonic

decrease to a low, nearly steady state level.

The GC curve for the methanol experiment indicates a decrease to essentially

zero concentration of methanol in lean and rich streams.

Carbon dioxide for rich and lean streams reached a level of 47 ppm from

a level of almost zero prior to heating. The 18 ppm of methanol would have

given rise to 18 ppm of carbon dioxide, assuming complete oxidation; the rise

in carbon dioxide above 18 ppm after heating in all probability is due to

oxidation of methanol adsorbed at and outgassing from the inner surfaces of

the cell.

The first period of ion current produced no clearly correlated responses

in any of the parameters being followed. The second period, however, produced

an FID trace that could be correlated with ion current, although at a low* con-

fidence level--that is, the FID current decreased as a result of turning on the

ion current and then increased when the current was turned off.

* Nevertheless, the behavior observed was consistent with behavior previously

sensed but not reported because levels were so low.
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PROPANE

The studies with propane were performed in the manner described for methanol.

Propane was available at a concentration of 20 ppm in nitrogen and used without

further dilution. The results are shown in Figure 8.* Propane's qualitative

behavior was similar to that observed with acetone and methanol in the low-

oxygen experiments. No enrichment of the rich-out stream with respect to the

lean stream was noted (see GC data, Figure 8). Again, the presence of the

potential to the collector, with the resultant ion current, caused a just

discernible decrease In FID current.t

SUMMARY OF EXPERIMENTAL RESULTS

Results obtained are presented in the idealized graphs shown In Figures 9

and 10. These graphs represent the qualitative behavior of each of the gases

tested. In Figure 9, FID results representative of both rich and lean streams

are plotted against the time during which the filaments were hot. Also shown

is a curve representing the results of GC analysis which was specific for the

contaminant gas under consideration.

As shown in Figure 9, the true concentration of the model contaminant gas

dropped essentially to zero in about four hours. This time period coincides

with the time constant observed for a cold cell and leads to the firm conclu-

sion that the contaminant, whether acetone, methanol, or propane, was completely

oxidized to carbon dioxide in a time appreciably shorter than this time constant.

The GC results for carbon dioxide produced when filaments were heated confirm this

conclusion.

The PID, on the other hand, did not drop to zero organic concentration.

Although a true zero was shown to be possible with a cold cell, it was never

observed with a hot cell. Instead, ofter an initial outgassing of organics

(the hump in the FID curve), the level fell to a nonzero low equivalent to 1 to
4 ppm of acetone. Inasmuch as this organic was not detected in the GC analysis

or eluted from the cold cell, it is probable that it is a fairly high-boiling

compound available by diffusion from the cell's materials of con---uction or

the silicone rubber sealants used. (As shown by GC analysis, i. was not acetic

acid, comon to some of these silastics.) This organic apparently was resistant

to oxidation, since the differencO between the mixture and the effluents from

* Run 105.

t That this behavior was not due to electronics was established by observing

the behavior of the FID current as a function of filament potential with

cold filaments, that Is, in the absence of ion current.
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the cell was about the same as the difference between zero and the level of

FID current at high temperatures when sufficient time was allowed for steady

state to be reached.

No enrichment could have occurred for auetone or the other contaminants

after their oxidation was essentially complete. During the period just prior

to the disappearance of the model contaminants, no enrichment was observed with

either detection technique, GC or FID. However, in this period the rate of

change of contaminant concentration was so great that enrichment would have had
to be an estimated 100% to be detected. In contrast, the estimated rsximum

attainable enrichment at the ion currents and contaminant concentrations used
in the experiments is of the order of 10%. A small effect of the ion current
on the FID current was repeatedly observed (see Figure 10) near the end Of

runs. Inasmuch as the model contaminant level had dropped to zero at this time,
the effect must be ascribed to the unidentified organic Impurity. Furthermore,

cluxtex:.-g may be excluded as a possible cause since the ion current produced

depletion of the rich stream rather than enrichment expected from the clustering
model.

The experimental results did not allow a clear decision on the source of

the required oxygen; likely possibilities are discussed in Section IV.
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SECTION IV

DISCUSSION, CONCLUSIONE, AND RBCOWANDATIOIS

DISCUSSION

It is clear that the presence of hot platinum alloy wires (coated with

1-eucryptite) promotes a rapid and complete oxidation of the three compounds

tested even at trace concentrations of both oxygen and the organic compound.

The source of oxygen in the nominally oxygen-free experiments could be any

combination of oxygen desorbed from interior cell surfaces, traces of oxyger

in the nominally oxygen-free influent gases, and oxygen released from the

ion source materials. A truly oxygen-free environment cannot be achieved

because of constraints imposed by the present apparatus. For example, the
cell cannot be baked out under high vacuum because of its lack of mechanical

strength and the presence of materials that would deteriorate at high ten-
peratures.

Discussion of the oxidation mechenism can only be speculative because of

the complex processes occurring within the cell. Vigorous convective stirring

undoubtedly is taking place, probably augmented by an ion wind effect during

periods of ion current. The hypothesis of ion wind stirring is supported by

the accelerated drop in organic concentration on applying the polarizing

voltages. This observation suggests that mass transport to the neighborhood
of the hot wires Is an important factor In determining the oxidation rate and,

hence, that this neighborhood is the region of oxidation, a reasonable conclu-

sion. It is probable that the active oxidation volume is large compared with

the ion source volume, because of a free radical mechanism of oxidation. In

the original concept of the ion source, it was hoped that the high density

ion current near the wires would sweep the region clear of organic compounds

(at least the highly polar ones) and suppress thermal oxidation. The results

given here for acetone and methanol suggest that this effect may not be suffi-

cient to prevent oxidation. Another possible explanation is that the lithium

ions themselves promote oxidation by undergoing ion-molecule reactions near the

wires: there will be an "atmosphere" of such ions in the vicinity of the hot

wires at all times, including periods when the polarizing potentials are not

applied.

CONCLUSIONS

The feasibility of precipitation of trace constituents by collecting their

clusters on small positive ions could not be demonstrated for the three compounds
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Judged to be most favorable to the process amongst their homologs. Further,
it is highly unlikely that it can be demonstrated by further work within the

constraints imposed on this experimental work, including moat importantly the
use of thermionic sources and cell pressures near atmospheric. A further

constraint--that the carrier simulate a breathable atmosphere--was abandoned
in the search for a discernible effect. The most severely limiting constraint,

that of using thermionic sources, was imposed at the onset of this effort in
order to exploit previous work on this type of source and thus reduce the
effort required to develop a useful source of small positive ions. This limited
purpose was achieved, although considerably more effort than anticipated was
required because of the unusual environment in which the source operated and

the unusual specifications placed upon it.

RECO NDATIONS

It is recomended that no further work be done using the present approach
end, in particular, using a thermionic source of ions in direct contact with
the atmosphere to be purified. Any future work to demonstrate feasibility

should utilize a "cooler" source of ions, perhaps one developed especially
for this work.

There are many possibilities for a usable ion source--corona discharge
sources being one. The type of ion generated can be controlled to some degree
by adjusting the composition of the gas blanketing the discharge. An interesting
source of this type has recently been developed by Whitby (1966) for use in

aerosol instrumentation wherein the discharge region is swept by a carrier gas

at velocities near Mach 1, thus reducing space charge and recombination effects.
Another possibility is to accelerate ions from one of the usual vacuum or low
pressure sources, including thermionic sources, through a thin target window

and into the atmosphere to be purified in the presence of a collecting field.

Target thickness and field gradients would have to be carefully contoured so

that most ions emerged into the atmosphere at near thermal energies. This
would effectively isolate the source frce the atmosphere to be purified.

The rapid and efficient oxidation encountered in these experiments suggests
a possible utility of a hot 1-eucryptlte-coated surface for intentional oxida-

tion of combustible Impurities. It would be necessary to investigate the bene-

ficial effect of the eucryptite before proceeding to exploit this further.

28
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The feasibility nf electrostatic precipitation of clustered lithium ions for

removal of gaseous trace contaminants from atmospheres could not be demonstrated

under the constraints imposed on the experimental work. The major difficulty was.
that the thermionic source caused oxidation of the contaminants (acetone, methanol,

and propane at 1-25 ppm concentration). The source was designed to minimize thermal

effects such as oxidation and consume about the minimum practical heating ;.ower den-

sity to produce the necessary ion current in atmospheres near 760 torr pressures.

Even at trace concentrations of oxygen in nitrogen, the oxidation rates were suffi-

cient to obscure any possible precipitation effects. Further work should be done

using a cooler ion source or, preferably, a source effectively isolated from the
atmosphere to be purified. Development of such a source seems completely feasible

on the basis of present technology.
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S UMMARY

The ion source was improved to gain the longer service life necessary for
obtaining experimental data at a high confidence level. Improvements consisted

of finding a better alloy for the heater wires of the ion source grid (8% tung-

sten in platinum alloy, Sigmund Cohn Corporation) anid refining the method of

mounting and tensioning these wires. These improvements, increased service life

from the original two to four hours to approximately twelve hours at 1000 C.

During the course of the experimental work, continual changes were made in the

apparatus to reduce errors. Gas chromatography was used to supplement the

flame ionization detector in monitoring influent and effluent gases, particu-

larly for carbon dioxide and the introduced contaminants.

Three contaminants--acetone, methanol, and propane--were studied over the

concentration range of 1 to 24 ppm (v/v). The first significant experiments

with acetone in air showed that acetone was being completely oxidized to carbon

dioxide and that this effect completely overshadowed any possible cluster pre-

cipitation effect. To suppress oxidation, all further work was done in a nitro-

gen carrier with precautions to suppress diffusion of atmosphere oxygen through

* the seals of the purification cell. However, even at the resultant trace oxygen

concentration, oxidation overshadowed any effects due to lithium ion current.

'r:,.s was also true of the other two contaminants, methanol and propane. Further

wozk on this approach should be done using an ion source especially dcsigi, d to

avoid the presence of hot surfaces within the purification cell.

Since clustering is a well-established classical phenomenon, first observed
by its interference with older (before about 1930) determinations of ionic mobil-

ity, and since the energies of cluster formation have been shown to be in the

tens of kilocalories range (Doyle and Caldwell, 1966), there is little doubt that

clustering can be used to remove trace polar impurities from gases, at least on
a laboratoryscale. However, this work has shown that this cannot be experimen-
tally demonstrated using thermionic sources in contact with a test atmosphere

containing oxygen down to trace concentrations. The bource used in this work

was designed with extreme precautions to minimize such thermal effects as oxidation.
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